One major strategy by which plants adapt to temperature change is to decrease the degree of unsaturation of membrane lipids under high temperature and increase it under low temperature. We hypothesize that this strategy cannot be adopted by plants in ecosystems and environments with frequent alterations between high and low temperatures, because changes in lipid unsaturation are complex and require large energy inputs. To test this hypothesis, we used a lipidomics approach to profile changes in molecular species of membrane glycerolipids in two plant species sampled from alpine screes and in another two plant species grown in a growth chamber, with the temperature cycling daily between heat and freezing. We found that six classes of phospholipid and two classes of galactolipid showed significant changes, but the degree of unsaturation of total lipids and of three lysophospholipid classes remained unchanged. This pattern of changes in membrane lipids was distinct from that occurring during slow alterations in temperature. We propose two types of model for the adaptation of plants to temperature change: (1) remodelling of membrane lipids but maintenance of the degree of unsaturation are used to adapt to frequent temperature alterations; and (2) both remodelling and changes in the degree of unsaturation to adapt to infrequent temperature alterations.
INTRODUCTION
Climatic stresses, which include high and low temperatures, are the major factors that limit the geographic distribution of plants. Plants have evolved multiple strategies to adapt to climatic stresses, for example through adaptations in terms of phenology, morphology and microhabitat preference, and adjustments in physiological and biochemical states (Levitt 1980; Körner 1999; Penfield 2008) . From physiological and biochemical viewpoints, it is generally agreed that maintaining the integrity and fluidity of membranes is of fundamental importance for plants to survive high or low temperature stress (Levitt 1980; Sakai & Larcher 1987; Wallis & Browse 2002) . In alpine ecological systems, the maintenance of membrane fluidity is of particular biological significance because plants are exposed to high and low temperature stresses within the same day (Körner 1999) .
Membranes, particularly plasma and chloroplast membranes, are sensitive to environmental stimuli. Glycerolipids are the major constituents of membranes. In response to changes in temperature, plants can adjust the glycerolipid composition of their membranes to maintain the integrity and optimal fluidity of these membranes. For example, at temperatures <0°C, the amount of lysoPLs increases rapidly by five-to 10-fold (Welti et al. 2002) . Changes in the degree of unsaturation of membrane glycerolipids, which affect membrane fluidity, are well known and occur when plants encounter low or high temperatures.At low temperatures, the degree of unsaturation of fatty acids is increased through complex biosynthesis pathways (Harwood 1998) . Cold acclimation increases the ratio of unsaturated to saturated fatty acids (Sakai & Larcher 1987) . For example, in chickpea (Cicer arietinum), low temperature results in a 31% increase in the degree of unsaturation of fatty acids, from a DBI of 1.18 per fatty acid to one of 1.54 (Bakht, Bano & Dominy 2006) . Plants with defects in desaturases display inhibited growth or even die at non-freezing low temperatures of 6-12°C (Hugly & Somerville 1992; Miquel et al. 1993; Falcone, Ogas & Somerville 2004) . In contrast, high temperatures result in a reduction in the degree of unsaturation of fatty acids in plants. For example, Arabidopsis plants grown at 36°C display a DBI of 1.46, as compared with a DBI of 2.39 for plants grown at 17°C, a decrease of 39% (Falcone et al. 2004) . In addition, a decrease in unsaturation enhances thermotolerance in tobacco (Murakami et al. 2000) . Galactolipids, which are the dominant component of thylakoid membranes, harbor more trienoic fatty acids than other membrane phospholipids, and therefore are major contributors to membrane unsaturation (Murakami et al. 2000) .
The desaturation of lipids in plants starts with 16:0 and 18:0 (carbon number : double bond number) fatty acids (Buchanan, Gruissem & Jones 2002; Wallis & Browse 2002) . Desaturation is mediated by a series of desaturases that are located in the endoplasmic reticulum and chloroplasts and have similar catalytic sequences within their active sites (Buchanan et al. 2002) . To date, little is known about the enzymatic mechanism by which desaturated fatty acids are saturated. However, desaturation and its reverse process involve oxidation-reduction, and consume energy and additional resources (Harwood 1998) .
In alpine and desert ecosystems, large and frequent daily fluctuations in temperature occur. Plants in these ecosystems need to switch their physiological status from coping with high temperature to coping with low temperature within a very short time, and such switching is usually necessary for several weeks and even throughout entire seasons. If plants adapted to these changes in temperature by frequently changing the degree of saturation of membrane lipids, it would be physiologically costly and a poor trade-off between survival and development, particularly given that resources can be limited in alpine and desert ecosystems (Körner 1999) . As a consequence, we hypothesize that plants maintain the same degree of unsaturation of membrane lipids and instead vary the lipid composition of the membrane by mechanisms that require less energy, to adapt to environments with frequent changes between high and low temperatures.
Plant lipidomics is based on ESI-MS/MS analysis, which makes it possible to measure hundreds of lipid molecular species in vivo with small samples and in a short time (Welti et al. 2002) . Several studies have employed lipidomics to profile changes in molecular species at low temperatures, and to characterize the function of genes that encode lipolytic enzymes, in combination with genetics approaches (Welti et al. 2002; Li et al. 2004 Li et al. , 2008 Devaiah et al. 2006 Devaiah et al. , 2007 Hong et al. 2009; Zhang et al. 2009 ).
The purpose of the current study was to use lipidomics to test the hypothesis raised above, and to characterize the changes in plant lipids that occur in environments with frequent alterations between high and low temperatures. Field and laboratory experiments were both used in this study. The field experiments were conducted in an alpine scree ecosystem of the Hengduan Mountains, southwest China, which has extreme environmental conditions, in particular, high daytime and low night-time temperatures (Deng & Zhou 2004) . To exclude the potential effects of strong solar and ultraviolet (UV) radiation, which can occur in the field, a laboratory experiment was conducted in a growth chamber with daily temperature cycles of heat during the day and freezing during the night. Changes in the molecular species of membrane lipids were profiled in two representative species of alpine scree plants (Saussurea medusa and Solms-Laubachia linearifolia), as well as one alpine plant species (Crucihimalaya himalaica) and the model plant Arabidopsis thaliana, during alterations between high and low temperatures.Two working models for the way in which plants utilize changes in membrane lipids to adapt to environments with frequent or infrequent alterations between high and low temperatures are proposed.
MATERIALS AND METHODS

Site descriptions
We chose a study site that comprised an alpine scree at an altitude of 4560 m on Baima Snow Mountain in the Hengduan Mountains, a mountain range in southwest China in the southeast Qinghai-Tibet Plateau. The chain of mountains runs roughly north to south, defining the eastern edge of the Tibetan Plateau, and is situated in Sichuan, Yunnan, and Tibet. Baima Snow Mountain is in De Qin, Yunnan. Screes are special ecosystems in alpine areas; they are usually located above 4000 m and comprise steep slopes that are composed of rough-edged stones (1-2.5 cm in length) (Tsukaya, Fujikawa & Wu 2002; Deng & Zhou 2004) . In this ecosystem, the solar radiation is extraordinarily strong, the daily temperature changes dramatically and frequently, the soil is very barren, and oxygen levels are low. The gravel on the sandy slopes is very loose and often rolls down. There is rich plant diversity in alpine screes, with 519 seed plants in 103 genera and 29 families (Deng & Zhou 2004) . We chose the alpine subnival plants S. medusa and S.-L. linearifolia as representative species because they are typical species of the ecosystem (Deng & Zhou 2004) and have totally different morphology to each other (Yang, Körner & Sun 2008) .
Plant materials
S. medusa (Compositae) is a perennial herb and a monocarpic plant (Tsukaya et al. 2002; Yang et al. 2008) . It has a caudex that is covered with the dark-brown petioles of previous years and rosettes of low stature during the vegetative phase. The leaves are approximately 10 cm long, 0.5-3 cm wide, and covered densely with white hairs on both sides. Except for its flowers, S. medusa is covered with white hairs. The native habitat of S. medusa is generally high-elevation screes or rock fields. S.-L. linearifolia (Cruciferae) is also a perennial herb. It has sparse to dense straight trichomes that are 1.5 mm long, a caudex that is covered with the petioles of previous years, and rosettes of low stature during the vegetative phase. The leaves are blade linear or oblanceolate linear, approximately 3.5-5 cm long and 2-4 mm wide. The leaves are sparsely to densely pilose ciliate. The (AlShehbaz et al. 1999) and can be grown in our laboratory, which is located at an altitude of 1900 m. 
Measurements of environmental parameters
Field sampling strategies
Field sampling was performed at the alpine scree study site on one randomly chosen day in October 2005, because the daily temperature fluctuation was usually the largest in October as compared with other months. The sampling procedure followed was as described previously (Welti et al. 2002; Li et al. 2008 ) with minor modifications. The leaves of S. medusa and S.-L. linearifolia were harvested at 0000, 0600, 1300 and 1800 h (Fig. 1) . Five replicates were harvested for each sampling time and each plant species. The leaves were transferred immediately into 3 mL of isopropanol with 0.01% butylated hydroxytoluene in a boiling water bath, at an altitude of 4500 m, for at least 15 min.
Plant growth and treatments
Seeds of A. thaliana (Columbia ecotype) and C. himalaica were surface sterilized and then sown in 0.7%-agar-solidified plates that contained MS medium and 1% sucrose.After 2 d at 4°C, the seeds were germinated and grown at 22°C under 120 mmol m -2 s -1 light for 5 d. Plates with seedlings were moved to the growth chamber with a programmed daily temperature cycle of -7°C at 0000 h, 22°C at 0800-1200 h, 45°C at 1500 h, and 22°C at 2000 h (Fig. 2) , for 30-40 d under a photoperiod of 12/12 h day/night. The temperature changes in the chamber were set to mimic those in the field but to be more extreme. Two-thirds of the plants survived and grew very slowly, and these were harvested for lipid analysis. After 30 d of growth, sampling was carried out on a single day at 0000, 1200, 1500 and 2000 h (Fig. 2) . No significant changes in dry weight were detected in Arabidopsis during the 24 h sampling period.
Lipid extraction, ESI-MS/MS analysis and data processing
Lipid extraction, ESI-MS/MS analysis, and quantification were performed as described previously, with minor modifications (Welti et al. 2002 (Kansas Lipidomics Research Center, http://www.k-state.edu/lipid/lipidomics). Leaves (field experiment) or three or four different plants (laboratory experiment) were harvested at the sampling time and, to inhibit lipolytic activity, were transferred immediately into 3 mL of isopropanol with 0.01% butylated hydroxytoluene in a boiling water bath (field experiment at an altitude of 4500 m) or a 75°C water bath (laboratory experiment). The tissue was extracted three times with chloroform/methanol (2:1), with 12 h of agitation each time. The remaining plant tissue was dried overnight at 105°C and weighed to give the dry weight of the plants. Lipid samples were analysed on a triple quadrupole MS/MS equipped for ESI. Data processing was performed as described previously (Welti et al. 2002 .The lipids in each class of head group were quantified in comparison to two internal standards for the class. Five replicates of each treatment for each genotype were analysed. The Q-test was performed on the total amount of lipid in each class, and data from discordant samples were removed (Welti et al. 2002) . The data were subjected to one-way analysis of variance (anova) with SPSS 13.0. Statistical significance was tested by Fisher's least significant difference (LSD) method. DBI were calculated with the formula: DBI = [S(N ¥ mol% lipid)]/100, where N is the total number of double bonds in the two fatty acid chains of each glycerolipid molecule (Rawyler et al. 1999) .
RESULTS
S. medusa and S.-L. linearifolia growing on alpine screes at 4500 m altitude experienced temperatures of 32°C during the day and -3°C at night
Firstly, we investigated the microclimates experienced at the alpine scree study site in October. We examined mainly the variations in air temperature ( Fig. 1 ), solar radiation, and UV radiation within a 24 h period on a clear day (data not shown), and then randomly chose a day to harvest samples. During the sampling day, there was strong solar radiation and a high air temperature. The temperature reached a maximum of 32°C at 1300 h and started to decrease at 1600 h. During the night, the temperature was low and reached a minimum of -3°C at 0500 h. It started to increase at 0900 h. The difference between the minimum and maximum temperature was 35°C (Fig. 1 ). We had observed that the variation in temperature was close to 40°C in October (data not shown). The most dramatic changes in temperature occurred during the 9 h period from 0900 to 1800 h, when the temperature increased from 0 to 32°C and then decreased from 32 to 6°C. The average rate of change in temperature during this period was 6.6°C h -1 (Fig. 1) . We conducted our sampling of S. medusa and S.-L. linearifolia at 0000, 0600, 1300 and 1800 h, when the temperature was -1, -3, 32 and 6°C, respectively. These time points enabled the responses of the plants to environmental conditions of low, rising, high and falling temperatures to be analysed (Fig. 1 ).
Membrane glycerolipids in S. medusa and S.-L. linearifolia changed significantly with alterations between high and low temperatures
We profiled the molecular species of membrane glycerolipids in S. medusa and S.-L. linearifolia using a lipidomic approach based on ESI-MS/MS (Welti et al. 2002; Li et al. 2008) . Eleven classes that contained 108 molecular species of membrane glycerolipids were detected, including two classes of galactolipids, six of phospholipids (Fig. 3a,b) , and three of lysoPLs (Fig. 4) . The data for the lysoPLs are shown separately (Fig. 4) because they were present at much lower levels than the other lipid classes. S.-L. linearifolia contained both 34:6 and 36:6 MGDG molecules (Fig. 3b) , which meant that it was a 16:3 plant that harbored both prokaryotic and eukaryotic pathways of lipid synthesis. In contrast, S. medusa contained only 36:6 MGDG molecules (Fig. 3a) , and therefore, it was an 18:3 plant that harbored only the eukaryotic lipid synthesis pathway (Buchanan et al. 2002) . Thus, we could use S.-L. linearifolia and S. medusa as representative plants with two distinct lipid synthesis pathways, to examine their responses to changes in environmental temperature.
Taking an overview (Fig. 3a,b) , the levels of most lipid species changed dramatically in S. medusa and S.-L. linearifolia as the temperature changed. The lipid classes DGDG, MGDG, and PE changed significantly in both species (Table 1) . For example, DGDG decreased by 26.2% in S. medusa as the temperature decreased from 32 to 6°C, and increased by 126% in S.-L. linearifolia as the temperature increased from -3 to 32°C. The relative change in MGDG was 65.8% in S. medusa as the temperature increased from -3 to 32°C and then decreased to 6°C, whereas in S.-L. linearifolia MGDG increased by 142% as the temperature increased from -3 to 32°C. PE increased almost twofold when S. medusa and S.-L. linearifolia experienced a change in temperature from <0 to 32°C. There were differences in the changes in lipid between S. medusa and S.-L. linearifolia. PA showed fivefold differences between temperatures >0°C and <0°C in S. medusa, but remained unchanged in S.-L. linearifolia (Table 1 ). The level of PC remained the same in S. medusa as the temperature increased but showed a twofold increase in S.-L. linearifolia. These results suggested that the membrane glycerolipids in S. medusa and S.-L. linearifolia changed significantly during rapid alterations in temperature in alpine screes.
Total degree of unsaturation of membrane glycerolipids was maintained during alterations between high and low temperatures in S. medusa and S.-L. linearifolia
We employed the DBI to indicate the degree of unsaturation of membrane glycerolipids (Rawyler et al. 1999) . The DBI is the average number of double bonds in the fatty acid chains of a glycerolipid molecular species; a high DBI indicates the presence of more highly unsaturated membrane lipids, and vice versa. For all glycerolipid classes, the changes in DBI were small, except for PA in both S. medusa and S.-L. linearifolia (Table 2) . MGDG and DGDG, which were the major lipid constituents of the membrane (Table 1) , showed the smallest changes in DBI among all lipid classes; their largest relative change was only 2.6% during all temperature changes. The DBI of PA changed by 29% but PA was only a minor constituent of the membrane glycerolipids (Table 1) ; hence, PA contributed little to the DBI of the total membrane lipids (Table 2) . Between the lowest (-3°C) and the highest (32°C) temperatures, the DBI increased in some lipid classes but decreased in others. The DBI of the total lipids (Table 2) remained at 5.1 in S. medusa and at 5.0 in S.-L. linearifolia. The relative changes in DBI as the temperature increased from -3 to 32°C were 0.0% and -2.0% in S. medusa and S.-L. linearifolia, respectively, and the largest relative changes during all temperature changes were only 0.6% and 3.4%. These results suggested that the degree of unsaturation of the membrane glycerolipids was maintained in S. medusa and S.-L. linearifolia during the rapid alteration of temperature in alpine screes. The differences in morphology and lipid biosynthesis pathways between these two species did not affect their maintenance of the degree of glycerolipid unsaturation. In alpine screes, the high temperature during the day results from strong solar radiation and is associated closely with UV radiation. To exclude the effects of strong solar and UV radiation on alterations in membrane glycerolipids, we conducted a laboratory experiment that simulated the rapid changes between high and low temperatures, but without solar and UV radiation. We profiled the molecular species of membrane lipids in the model plant A. thaliana and the wild species C. himalaica when they were both grown on plates in an artificial environment that included frequent and rapid alterations between high and low temperatures. C. himalaica is a close relative of A. thaliana and is distributed in alpine areas. The daily temperature fluctuation was 52°C, and the average rates of temperature change were The relative change (RC) in lipids from -3 to 32°C is the percentage value for the difference between the values at -3 and 32°C over the value at -3°C; the largest relative change (LRC) in lipids is the percentage value for the difference between the maximum and minimum values over the minimum values. Values in the same row with different letters are significantly different (P < 0.05). Values are means Ϯ standard deviation (n = 3, 4, or 5).
3.5°C h -1 as the temperature increased and 5.8°C h -1 as the temperature decreased. Two-thirds of the plants survived and grew slowly. We randomly chose one day to harvest whole plants for lipid extraction at four time points during the day: 0000 (-7°C), 1200 (22°C), 0100 (45°C) and 2000 h (22°C) (Fig. 2) .
The molecular species of membrane lipids in A. thaliana and C. himalaica changed markedly with changes between high and low temperatures (Fig. 5) . The patterns of lipid changes were similar in both species. All lipid classes displayed significant changes (Table 3) . PA showed some of the most dramatic changes with two-to fourfold changes. MGDG and DGDG changed by approximately 40%. Total membrane lipids changed by 40% in A. thaliana and 20% in C. himalaica (Table 3) , which indicated that membrane glycerolipids in A. thaliana and C. himalaica changed significantly during frequent and rapid temperature alterations. These results also suggested that, among temperature, solar radiation, and UV radiation, temperature was the major factor that caused the changes in glycerolipid composition that were observed under the conditions experienced in alpine screes.
Total degree of unsaturation of membrane glycerolipids was maintained during alterations between high and low temperatures in both A. thaliana and C. himalaica
The changes in DBI for all classes of lipid were very small in A. thaliana and C. himalaica (Table 4) , and the patterns of changes in DBI were similar in both species. The largest relative changes in DBI for MGDG and DGDG were only 1.5% over all temperature changes. This phenomenon was similar to that observed for S. medusa and S.-L. linearifolia in the field (Table 2) . When the temperature increased from -7 to 45°C, the DBI of most lipid classes decreased only slightly. The DBI of the total lipids remained at around 4.1 and 4.0 and relative changes in DBI for total lipids were only 0.5 and -2.5% in A. thaliana and C. himalaica, respectively, over this temperature increase (Table 4 ). The largest relative changes for total lipids during all temperature alterations were only 4.5 and 5.2% in A. thaliana and C. himalaica, respectively. Considering that exposure to high temperature for 25 d can induce a 39% decrease in DBI in A. thaliana (Falcone et al. 2004) , and exposure to low temperature for 14 d can induce a 31% increase in DBI in chickpea (Bakht et al. 2006) , the difference between the minimum and maximum DBI could be >70% under slow changes between extreme temperatures. Therefore, our results indicated that the degree of unsaturation of membrane glycerolipids was maintained in A. thaliana and C. himalaica during the frequent and rapid changes between high and low temperatures.
No major changes in lysoPLs occurred during the changes between high and low temperatures in the four plant species tested
LysoPLs, which include lysoPC, lysoPG, and lysoPE, are derived from the hydrolysis of phospholipids at the sn-1 or sn-2 position of the glycerol backbone. In comparison with other membrane glycerolipids, the content of lysoPL in A. thaliana membranes is low but very sensitive to stresses such as freezing, heat-shock, and dehydration. Upon exposure to stress, lysoPLs usually increase by five-to 20-fold within hours or even minutes (Welti et al. 2002; Li et al. 2008; Li & Yu, unpublished data 
DISCUSSION
The responses of plants to high or low temperatures have been investigated extensively (Levitt 1980; Penfield 2008) . The roles of membranes under extreme temperatures, and in particular the changes that occur in the glycerolipid composition of membranes, have been one focus of research (Murakami et al. 2000; Li et al. 2008; Penfield 2008) . However, in many ecosystems, such as alpine screes and desert, plants can frequently encounter both high and low temperatures within a short time; thus, the effect of high and low temperature can have a combined effect on plants. As a consequence, a fundamental question that arises is whether the patterns of changes in membrane lipids that are observed in response to high or low temperature alone also apply to rapid changes between high and low temperature. In the present study, we profiled the molecular species of lipid in four plant species and calculated the DBI of plant membrane glycerolipids under conditions of frequent alterations between high and low temperatures in field and laboratory experiments. Our results indicated two major differences with respect to lipid composition during changes between high and low temperatures, as compared with high or low temperatures alone. The first distinction was that the degree of unsaturation of glycerolipids in the membrane was maintained, which confirmed our hypothesis. This maintenance of the level of unsaturation was affected neither by solar and UV radiation nor by differences in plant morphology and lipid biosynthesis pathways. However, the composition of the membrane glycerolipids did change significantly and the relative changes were as large as 21.2-1200% (Tables 1 &  3) . This phenomenon was particularly noticeable with respect to the lipids in chloroplast membranes. MGDG and DGDG are known to be plastidic lipids and were found to be highly unsaturated in this study. The levels of MGDG and DGDG changed by 26.2-142% over the temperature range (Tables 1 & 3) , but the values of DBI were maintained within a narrow range of 0.4-2.6% (Tables 2 &  4 ). These results demonstrate that chloroplast membranes have distinct properties in response to temperature stresses as compared with other cell membranes. Two factors might limit the temperature-induced change in the degree of saturation and unsaturation during frequent changes between temperature extremes. One factor is the time limitation. For example, in the alpine screes investigated, the environmental temperature increased and decreased again within a period of 9 h (Fig. 1) .This time was too short to allow plants to alter the degree of saturation and unsaturation of membrane lipids, because the two opposite biochemical processes involve complex reactions (Harwood 1998) . Another potential factor is energy limitation. The energy required to form a double bond (C=C) from a single bond (C-C) is 171 kJ mol -1 (as estimated by chemical reaction heat). Saturation and desaturation are multiple-step reactions (mainly oxidation-reduction reactions) (Buchanan et al. 2002) , and they take place, respectively, in response to decreases and increases in temperature that can be separated by hours or days. The exothermal energy that is released from breaking double bonds cannot be used in the subsequent formation of double bonds. Saturation and desaturation require a greater energy input than the turnover reactions involved in head group exchange (see further discussion). In alpine screes, frequent changes between high and low temperatures are routine and usually occur throughout the spring and autumn. Performing saturation and desaturation reactions frequently over long periods would require substantial amounts of energy and is a poor trade-off between survival and development. In the laboratory experiments described herein, A. thaliana and C. himalaica grew very slowly on plates under conditions of alteration between high and low temperatures. This was possibly partly due to the amount of energy required to cope with the frequent alterations in temperature.
In the absence of changes in the degree of unsaturation, how do plants maintain their membrane functions during alterations in environmental temperature? An alternative solution is the turnover of head groups among the classes of lipid, which was observed in all plant species investigated and in both field and laboratory experiments. In cells, lipid turnover is a one-step reaction by which glycerolipids can exchange their head groups (Murphy 2005) . During the exchange of head groups, bonds are broken and new bonds are formed synchronously and the properties of the original and new bonds are very similar. For example, when the head group of PC is exchanged for that of PE, the original bond RO -3PO-CH2CH2N + (CH3)3 is very similar to the new bond RO -3PO-CH2CH2N + H3. Thus, the endothermic and exothermic processes of bond breaking and bond formation, respectively, involve very similar amounts of absolute energy and the net energy cost of this reaction is close to zero. As a consequence, the energy requirement for head group exchange is much lower than that for desaturation and saturation reactions (see above). Head group exchange occurs constantly and is an important process during lipid synthesis, degradation, and/or homeostasis in plants (Murphy 2005) .
Different head groups confer different spatial and electronic properties upon lipid molecules within the membrane matrix. The exchange of head groups might result in substantial changes in the proportion of different lipid classes and thus change the physical and biochemical properties of the membrane. The in vivo evidence for the relationship between the distribution of lipid head groups and the physical properties of membranes is limited. However, it has been shown that an increase in the proportion of PA, a cone-shaped molecule, favours the formation of the hexagonal II (HII) phase in the plasma membrane and chloroplast envelope membranes during freezing (Uemura, Joseph & Steponkus 1995) . HII phase is speculated to be a freezing-induced membrane lesion. The results of our previous work demonstrated that freezing induced a significant increase in PA levels and that suppression of PA by genetic knockdown of phospholipase Da1 conferred an increased tolerance to freezing on plants (Welti et al. 2002) . Indeed, we observed in the present study that, under freezing conditions, PA levels in S. medusa, A. thaliana, and C. himalaica were three-to fivefold higher than at temperatures above zero (Tables 1 & 3) . These results were in agreement with the relationship between PA and freezing-induced membrane lesions and therefore suggested that head group exchange has a role in the adaptation of plants to changes in temperature through affecting the physical properties of membranes. However, there are two points that should be noted: (1) a freezing-induced increase in PA did not occur in S.-L. linearfolia; this suggests that the responses of alpine plants to environmental temperature are complicated and not fully understood yet; (2) the lipid molecules involved in head group exchange are not limited to the 11 classes that we analysed. For example, the phosphate head group of PA can be exchanged with that of DAG or diacylglycerol pyrophosphate (DGPP) (Munnik et al. 1996) , and these two types of lipid were not measured in this study. In spite of these considerations, our results supported the idea that the remodelling of membranes through the exchange of head groups among different lipid classes provides a rapid response to changes in environmental conditions and requires relatively little energy. Therefore, we propose that the turnover of head groups enables plant membranes to be remodelled and optimized in a timely fashion during frequent alterations between high and low temperature.
The second distinct characteristic of membrane composition during alterations between high and low temperatures was that lysoPLs remained unchanged. This was an interesting finding because lysoPLs are considered to be a sensitive indicator of stress responses in plants (Welti et al. 2002) . The content of lysoPL increases quickly and dramatically under extreme conditions of temperature, water deficit, and salinity (Welti et al. 2002; Li et al. 2008; Li & Yu, unpublished data) . For the alpine scree plants S. medusa and S.-L. linearifolia, the stability of lysoPL levels implied that the range of temperature variation detected in autumn was not a stress factor, but a regular condition. This interpretation supports the idea that, in terms of adaptive evolution, plants that have grown in alpine screes for a long period have adapted to the environment, not only at the levels of life cycle, morphology and physiology, but also at the biochemical level. Therefore, the changes in classes of lipid and lack of variation in the degree of fatty acid unsaturation in membrane lipids under conditions of frequent temperature change could be an environmental adaptation in alpine plant species, and not a response to stress. The stable lysoPL level observed in A. thaliana and C. himalaica that were exposed to alteration between high and low temperatures for 30 d suggests that these plants had acclimated to the adverse conditions.
In nature, temperature change can be divided into two types: (1) frequent temperature alteration in which the temperature rises and falls rapidly and there is a daily temperature cycle that switches between high and low temperatures and lasts for several seasons, such as those of alpine screes and deserts; and (2) infrequent temperature alteration in which the temperature rises and falls slowly, and change between high and low temperatures is a seasonal cycle, as for temperate zones. We propose two working models in which the turnover of membrane lipids and the degree of unsaturation of these lipids play different roles and allow plants to respond to these two types of temperature change at the biochemical level. We found that plants employed lipid remodelling to adjust their membrane composition to cope with frequent alterations in temperature, because lipid turnover via the exchange of head groups is rapid and incurs a low energy cost. In contrast, plants employed both lipid remodelling and changes in the degree of unsaturation to adjust the membrane composition to cope with infrequent temperature change.
